INTRODUCTION
During the last 30 years, Magnetic Resonance Imaging (MRI) has developed from an intriguing research project to an essential diagnostic method in the armamentarium of clinical radiologists. An estimated 26.6 million MRI examinations were performed annually in 2006, with a 3% annual increase in the number of MRI exams since 2003 (1) . The growth of MRI is partly driven by the broad variety of clinical examinations that exploit many types of MRI contrast mechanisms in endogenous tissues. Different image contrast generated by different soft tissues can be used to assess anatomy at excellent spatial resolution that is typically approaches or exceeds 1 mm. Different image contrast can also assess physiological function, such as the function of the cardiopulmonary Solutions of GdDTPA were prepared at different concentrations and analyzed using a 9.4T (400 MHz) MR scanner at 37 degrees C. A) Magnetization recovers at different rates according to T1 relaxation times of different concentrations of Gd-DTPA. B) An MR image shows the effects of T1 relaxation on image contrast. The vertical line at 0.3 sec in graph A corresponds to the timing used to acquire the image. The 0 mM solution was not included in the image.
system (e.g., MR angiography of vasculature), neurological system (e.g., fMRI of brain activity), renal system (e.g., perfusion imaging of kidney function), musculoskeletal system (e.g., MR elastography of connective tissues), and cancer lesions (e.g., Dynamic Contrast Enhanced MRI of angiogenic tumors).
Although MRI contrast in endogenous tissues provides excellent sensitivity for detecting subtle changes in anatomy and function, MRI has poor specificity for attributing image contrast to pathologies. For example, MRI matches or surpasses X-ray mammography in its ability to identify breast cancer lesions, but MRI also detects many non-cancerous lesions that lead to erroneous false-positive diagnoses, so that MRI breast exams are currently only recommended for women with high cancer risk factors (2, 3) . In addition, the changes in anatomy or function that are detected with MRI are often the consequence of mid-to late-stage developments of the pathology, which are too late for the application of preventative or early-stage treatments. To meet these needs, MRI methods are being developed that cause changes in MR image contrast in response to molecular compositions and functions that serve as early biomarkers of pathologies. These new MRI methods comprise a major role in the paradigm of molecular imaging.
MRI CONTRAST MECHANISMS
A brief review of MRI contrast mechanisms is required in order to relate changes in MR image contrast to the response to molecular compositions and functions ( Figure 1 ). The T1 relaxation time, also known as the time for longitudinal relaxation or spin-lattice relaxation, represents the time required for "relaxation" of "excited" magnetization to the thermal equilibrium state that is aligned with the main static field of the MRI magnet (typically considered to be the longitudinal direction; Figure 2 ). In order for T1 relaxation to occur, the magnetization must first be excited by absorbing radiofrequency (RF) energy, and then the absorbed energy must be released to the "lattice" of surrounding material through appropriate quantum-mechanical mechanisms. In the case of in vivo 1 H MRI, the predominant mechanisms are dipole-dipole interactions between the hydrogen nucleus and another nucleus with a magnetic dipole that is rotationally tumbling at a rate that is sufficiently close to the same RF, and scalar interactions between a hydrogen nucleus that is in contact with an unpaired electron. Therefore, the T1 relaxation time can be changed in three ways: by altering the rotational tumbling time of a magnetic dipole, altering the accessibility of water to the dipole, or altering the electron spin state of the dipole.
The T2 relaxation time, also known as time for transverse or spin-spin relaxation, represents the loss of excited magnetization within the detection plane that is transverse to the main static field of the MRI magnet ( Figure 3 ). This loss of magnetization from the transverse detection plane occurs as excited magnetization returns to equilibrium during the T1 relaxation time, so that the T2 relaxation time can be no slower than the T1 relaxation . An example of a PARACEST MRI contrast agent. Tm-DOTAMGly (10mM in 5% D 2 O) was used to measure the PARACEST spectrum. A Varian Inova 600 MHz NMR spectrometer was used with a modified presaturation pulse sequence that included a continuous wave saturation pulse, saturation pulse power of 4.95 microTesla, saturation delay of 4 seconds and in 1 ppm increments from 100 ppm to -100 ppm.
time. Furthermore, the excited magnetization that is detected in the transverse plane represents a net sum of very small magnetic moments from many nuclei, which must have the same MR frequency to produce a coherent net signal. Perturbations to nuclei that cause changes in MR frequency will cause a loss of coherence of among these very small magnetic moments, which contributes to the loss of the net coherent magnetization from the transverse detection plane. These perturbations arise from a "spin-spin" exchange of energy between two dipolar hydrogen nuclei, which become more efficient as the rotational tumbling time of the two nuclei becomes slower. These perturbations also arise from spatial inhomogeneities in the main magnetic field that cause differences in MR frequencies from hydrogen nuclei in different tissue locations but are otherwise in homogenous environments (the inclusion of this type of transverse relaxation is often termed T2* relaxation). Therefore, the T2* relaxation time can be changed in two ways: by altering the rotational tumbling time of a magnetic dipole, or by altering the local inhomogeneities in the main magnetic field.
A fundamentally new type of exogenous MRI contrast agent can be detected through the mechanism of Chemical Exchange Saturation Transfer (CEST; Figure 4 ). These contrast agents contain hydrogens that undergo chemical exchange with hydrogens of surrounding water molecules. These hydrogens may lie within functional groups in the covalent structure of the contrast agent, such as amide, amine, or hydroxyl groups. These hydrogens may also be part of a water molecule that is noncovalently bound to the metal for a relatively long lifetime, so that the water molecule is effectively part of the structure of the contrast agent for a transient period. Selective saturation can be applied at the specific MR frequency of the exchangeable hydrogens, which reduces the detectable magnetization from these hydrogens. Rapid chemical exchange with water causes a transfer of reduced detectable magnetization that contributes to the water signal. The chemical exchange rate must be slower than the difference in MR frequency between the hydrogen on the contrast agent and the hydrogen on a water molecule, so that the hydrogens have magnetically distinct frequencies that can allow for selective saturation of the agent's MR frequency to generate a CEST effect. Continuous selective saturation and chemical exchange enhances the CEST effect, providing improved MRI sensitivity of the agent. Therefore, CEST can be changed in two ways: by altering the MR frequency of the hydrogens that exchange with water, or by altering the hydrogen exchange rate with water.
EXOGENOUS MRI CONTRAST AGENTS
Most molecular imaging studies critically depend on the development of exogenous agents that change image contrast in response to molecular compositions or functions within in vivo tissues. Exogenous T1 relaxation agents typically contain Gadolinium, which has a large spin-7/2 magnetic dipole moment and seven unpaired electrons, and therefore has excellent characteristics to decrease the T1 relaxation time of water molecules that are near the Gadolinium metal ion. Exogenous T2* relaxation agents typically contain iron oxide nanoparticles that are superparamagnetic and cause local magnetic field inhomogeneities that decrease the T2* relaxation time of water molecules that are near the iron oxide nanoparticle. Exogenous CEST agents typically contain paramagnetic lanthanide ions other than Gadolinium, which shift the MR frequencies of a CEST agent's hydrogen nuclei. Large frequency shifts of these PARAmagnetic CEST (PARACEST) agents greatly facilitate selective excitation and also allow for faster hydrogen exchange rates with water that improve detection sensitivity.
Many exogenous MRI contrast agents are designed to bind to endogenous molecules in a reversible manner that only involves non-covalent interactions, such as peptides that bind to cell receptors or extracellular matrix components. Reversible responsive MRI contrast agents can change their T1 relaxation time upon binding to their target molecule, by increasing their rotational tumbling time or water accessibility, or by changing the electron spin state of the agent. Similarly, the non-covalent binding of many small iron oxide nanoparticles to a molecular target can create a larger superparamagnetic nanoparticle, which increases local magnetic field inhomogeneities and decreases T2* relaxation times. A PARACEST agent can show an altered chemical shift or hydrogen exchange rate after non-covalent binding to a target molecule.
Exogenous MRI contrast agents are relatively insensitive, requiring a minimum threshold of 0.01-10 mM for adequate detection during in vivo applications. Endogenous metabolites that are present at concentrations that are higher than the detection threshold are feasible targets for this approach. Nucleic acids are typically present at concentrations of 1-1,000 pM, and intracellular proteins are typically present at concentrations of 1 to 1,000 nM, and therefore these reversible responsive agents have been difficult to use to target intracellular proteins and nucleic acids. For comparison, in vivo PET, SPECT, and fluorescence imaging contrast agents typically have detection sensitivity thresholds of picomolar concentrations and are more practical for detecting intracellular proteins and nucleic acids through a reversible binding mechanism. Extracellular proteins can exist at typical concentrations of 10-10,000 nM, so that the most abundant proteins may possibly serve as targets for reversibly-binding MRI contrast agents. Newer approaches that load MRI contrast agents onto nanoparticles may overcome this sensitivity problem, but at the expense of altered pharmacokinetics and potential toxicities. In addition, the specificity of the non-covalent binding for the desired target molecule relative to other potential targets must be carefully evaluated, in order to confidently interpret the response of the reversible MRI contrast agent.
Alternatively, responsive MRI contrast agents may be designed to undergo irreversible covalent changes during interactions with endogenous molecules, such as agents that are substrates for enzymes. The T1 relaxation time of an irreversible responsive MRI contrast agent can be changed through enzymatic cleavage of a ligand that blocks water accessibility to the agent's metal ions. These MRI contrast agents can change their T1 or T2* relaxation times by undergoing enzymatic polymerization or depolymerization that changes the agent's rotational tumbling time. Polymerization or depolymerization can also alter the association of small iron oxide nanoparticles that form a larger superparamagnetic nanoparticle. PARACEST agents can undergo covalent changes that change chemical functional groups, which exhibit altered hydrogen exchange rates and MR frequencies of the exchangeable hydrogens in the functional group. Irreversible responsive contrast agents can exploit a high catalytic turnover rate from a relatively low concentration of target enzyme to generate a high concentration of responsive agent that is above the MRI detection threshold. The high specificity of the enzyme reaction may also lend confidence when interpreting the response of an irreversible MRI contrast agent.
In order to translate changes in image contrast to these changes in T1 relaxation time, T2* relaxation time, or the PARACEST effect, other characteristics that change image contrast must be constant or monitored by other methods. In particular, the concentration of the contrast agent affects image contrast, and in vivo pharmacokinetics rarely allow for constant tissue concentrations of contrast agents during the MRI scan session, so that the concentration of the contrast agent must be monitored. This may be accomplished by adding a second, unresponsive contrast agent that has identical pharmacokinetics or that is covalently linked to the responsive contrast agent. This poses a daunting problem for MRI contrast agents that depend on T1 and T2* relaxation times, because the T1 or T2* contrast in a MR image can only monitor one agent during the MRI scan session, and the two types of relaxation times are too correlated to distinguish one effect from the other during the same MRI scan session. The addition of a second, unresponsive contrast agent during the same scan session is feasible with PARACEST MRI, because PARACEST agents can be selectively detected via different saturation frequencies.
RESPONSIVE MRI CONTRAST AGENTS

Molecular imaging of proteins
Proteins are responsible for a broad variety of molecular compositions and functions, and therefore serve as excellent biomarkers for many pathologies. The current human proteome consists of 21,688 known proteins (4, 5) and approximately 600 to 1500 of these proteins are considered to be molecular targets of potential drug therapies. Responsive MRI contrast agents provide a tremendous opportunity to evaluate the human proteome and protein-targeting chemotherapies in an in vivo context (Table 1) .
Contrast agents that bind to proteins
Due to the relative insensitivity of MRI, responsive contrast agents are generally limited to targeting proteins that are present at high concentrations, such as proteins that contribute to connective tissues and proteins that reside in the blood pool at high concentrations. For example, a phosphonated Gd chelate, GdDOTP 5- , is designed to bind to hydroxyapatite, which reduces water accessibility and increases the T1 relaxation time of the agent (6). Hydroxyapatite is a major component of healthy bone tissue, so that this agent can be used to bone lesions that are devoid of hydroxyapatite. As another example, the rotational tumbling time of a biotinylated contrast agent, DO3A-EA, is increased when bound to the larger avidin protein that is administered to the patient, so that the MRI contrast responds to high concentrations of avidin in the cardiovascular system (7) . Similarly, another contrast agent, MS-325, binds to human serum albumin (HSA) that resides in the blood pool at high concentration, which increases the tumbling time of the contrast agent upon binding to this larger protein (8) . A contrast agent with a peptidyl ligand has been designed to bind to the Gal80 glucose storage protein, which also increases the tumbling time of the agent (9; Figure 5 ). Carbonic anhydrase has been selectively targeted by Gd-DTPA-sulfonamide ethylene sulfanilamide, which has a long tumbling time after binding to its protein target (10) . The longer tumbling times lead to decreased T1 relaxation times for each agent when bound to the target protein. For each of these cases, care must be taken to ensure that each binding agent is specific to the intended protein target.
Other examples have shown that antibodies and peptides that are labeled with MRI contrast agents can bind overexpressed protein cell receptors that are present at high concentrations. Although some examples are promising candidates for detecting these cell receptors, the MRI contrast is dependent on the accumulation of the agent, and not a response caused by a change in physical properties of the agent. Protein targeting with unresponsive MRI contrast agents has been the subject of another excellent review (11), and will not be repeated in this review of responsive contrast agents.
Contrast agents that are catalyzed by enzymes
The targeting of enzymes provides several important advantages for the design of responsive MRI contrast agents. First, the high catalytic rate of a relatively low concentration of enzyme can develop a relatively high concentration of altered contrast agent, so that poor MRI sensitivity is less problematic for enzyme detection. Second, the specificity of enzymatic reactions is usually high, so that a change in MRI contrast can often be confidently attributed to the specific targeted enzyme. Lastly, enzymatic activity can cause a variety of irreversible responses in a contrast agent, which can be exploited to develop many types of responsive MRI contrast agents.
One of the seminal examples of a responsive MRI contrast agent exploits a change in water accessibility after beta-galactosidase enzymatically cleaves a galactopyranose ligand from the contrast agent (12) . More recently, the hydrogen exchange rate and MR frequency of a PARACEST agent have been shown to be altered after a peptidyl ligand of the agent is cleaved by caspase-3 (13; Figure 6 ). Only 4.3 micromolar and 3.4 nanomolar concentrations of each respective enzyme was required to generate sufficient MRI contrast in a practical time frame, and the specificity for each respective contrast agent substrate was shown to be excellent. The rotational tumbling time can be changed after a phosphate monoester ligand of a contrast agent is hydrolyzed to an alcohol by alkaline phosphatase, which can then more easily bind to HSA (14) . Similarly, a lysine-containing ligand of a contrast agent can be cleaved by thrombin-activatable fibrinolysis inhibitor, which facilitates interactions between the contrast agent and HSA and causes an increase in rotational tumbling time (15).
The rotational tumbling time of a contrast agent can be changed by polymerizing monomeric agents. Polymerization of phenolic contrast agents has been exploited to detect several peroxidases (16) , including myeloperoxidase and oxidoreductase (17) (18) (19) (20) . The increase in tumbling time caused by the polymerization is sufficient to cause a three-fold decrease in T1 relaxation time. The polymerization also aids in retaining the contrast agent at the target site, either through slower pharmacokinetics of the polymeric form of the agent, or by cross-linking the agent to the local extracellular matrix. As another example, a stearic acid ligand of a contrast agent can be cleaved by an esterase, which leads to spontaneous polymerization of the cleaved chelate (21).
Degradation of a polymer can also change the rotational tumbling time of a contrast agent. This mechanism is typically exploited by conjugating contrast agents with a linker that is cleaved by a specific enzyme. For example, a glucuronide linker is cleaved by glucuronidase (22) , and a hyaluronan linker is cleaved by hyaluronidase (23, 24) , which releases the Gadolinium chelate from the polymer.
The relatively rapid pharmacokinetics of monomeric contrast agents can accelerate removal of the agent from the site of degradation, which can further enhance the response of the agent to degradative enzyme activity.
Polymerization or degradation can also be exploited to change the association of iron oxide nanoparticles that cause local field inhomogeneities, which has been termed as a 'magnetic relaxation switch'. Peroxidase-induced polymerization of phenolic contrast agents can assemble dextran-coated iron oxide nanoparticles to create an even stronger superparamagnetic particle that decreases the T2* relaxation time (25) . Caspase-3-induced degradation (26) or MMP-2-induced degradation (27) of a short peptide sequence that links multiple avidin-biotin-T2* contrast agents can increase the T2* relaxation time.
Degradation of a double-stranded DNA linker by DNA methylation & cleavage enzymes can also cause an increase in T2* relaxation time (28).
Molecular imaging of nucleic acids
The genomics revolution has identified an abundance of nucleic acid targets among ~24,000 human genes that are potential biomarkers of pathologies (29, 30) . The strong interactions between complimentary nucleic acid sequences can provide very high selectivity for detecting a specific nucleic acid target. The 'magnetic relaxation switch' method has been successfully applied to detect the DNA sequence for Green Fluorescence Protein in biochemical solutions within well plates, versus DNA sequences with single mismatches relative to the target DNA sequence (26; Figure 7 ). As another example, A DNA-binding protein that is conjugated to a peptide-based Gd 3+ -chelator can change T1 relaxation time in response to DNA concentration (31) .
This method exploits the aggregation of iron oxide-labeled nucleic acid sequences that bind to a portion of the target DNA sequence, which increases local field inhomogeneities and decreases T2* relaxation times. Yet directly detecting a specific nucleic acid sequence within the in vitro or in vivo context is a daunting challenge for MRI, primarily due to the extremely low concentration of specific DNA and RNA sequences that are present at ~1 and 10-100 copies within each cell, respectively. The intranuclear and intracellular locations of nucleic acids pose the additional problem of intracellular delivery and trafficking of the nucleic acid-targeting contrast agent.
A more promising approach is the use of a reporter gene imaging strategy to study gene expression during in vitro or in vivo studies (32, 33) . This strategy requires transgenic manipulation of the cell or animal model to include two genes that are co-expressed. One of the genes is the 'target gene' that is the focus of the gene expression study. The other gene represents the 'reporter gene' that encodes for a 'reporter protein' that can be detected by a responsive MRI contrast agent using one of the many mechanisms discussed in section 5.1. A responsive MRI contrast change reports on the expression of the 'target gene'. Reporter gene imaging with optical and nuclear imaging modalities has become tremendously successful, and similar successes with MRI reporter gene strategies are likely to emerge in the near future.
Molecular imaging of metabolites
Many metabolites exist at high concentrations within an in vitro or in vivo environment, which greatly facilitates their detection by responsive MRI contrast agents. The variety of molecular structures provides opportunities to exploit several mechanisms that are employed by responsive MRI contrast agents (Table 2 ). Yet this variety of molecular structures is a challenge when designing responsive MRI contrast agents, so that firstgeneration agents may only weakly interact with the target metabolite. In addition, care must be taken to selectively detect one of many similar metabolites to ensure that the MRI response can be attributed to the target metabolite.
PARACEST agents are insensitive and require high concentrations of their target, but can be very responsive to weak interactions. Therefore, PARACEST agents are well suited for the detection of metabolites that are present at high concentrations. The hydrogen exchange rate of a PARACEST contrast agent has been shown to Free radical 38 change when the agent noncovalently binds to a sugar, although selectivity for specific sugars is marginal (34,35; Figure 8 ). The MR frequency of another PARACEST contrast agent changes from -29.1 ppm to -15.5 ppm when the agent noncovalently binds to L-lactate (36) . Both the hydrogen exchange rate and the MR frequency of a PARACEST contrast agent change when the agent undergoes an irreversible covalent reaction with nitric oxide (Liu, Li, and Pagel, unpublished results). In each case, care must be taken to ensure that the interactions between high concentrations of the PARACEST agent and the metabolite do not perturb the biological system.
Fewer mechanisms have been exploited to change T1 or T2* relaxation times in response to metabolites. Water accessibility can be altered when glucose binds to a Gadolinium chelate (37 (38) . Further research to improve the strength of interactions between contrast agents and specific metabolites is required to exploit additional responses in T1 or T2* relaxation times.
Molecular imaging of oxygen
The partial pressure of oxygen, pO 2 , is relevant to many pathologies including cerebral infarcts and tumor tissues (39, 40) . The oxidation state of many metal ions is dependent on pO 2 , which can be exploited to change the response of MRI contrast agents relative to pO 2 (41) .
The iron in the porphyrin ring of hemoglobin changes in redox state from diamagnetic Fe II to paramagnetic Fe III when bound to oxygen. The injection of 2~5 microliters of 8 mM of hemoglobin can show significant pO 2 -dependent changes in the contrast of T2-weighted MR images (42; Figure 9 ).
In addition to a change in electron spin state, the rotational tumbling time can also be changed in response to pO 2 .
The boronic functionalities of Bis(mboroxyphenylamide)-(Gd-DTPA) bind to fructosamine on the glycated surface of oxygenated hemoglobin, but have less affinity for binding deoxygenated hemoglobin (43) . The increase in rotational tumbling time upon binding causes a decrease in T1 relaxation time. Although these responsive MRI contrast agents show promise, these agents must be designed to measure physiologically relevant ranges of pO 2 . 
Molecular imaging of metal ions
Metal ions, especially divalent metal ions, are associated with many biological signaling pathways and pathologies. The rapid flux of metal ions on a sub-second time scale can require rapid measurements, which can pose a particular challenge for accurate quantification through MRI contrast changes.
As with pO 2 measurements, the measurements of metal ion concentrations must be conducted in physiologically relevant concentration ranges. Consideration should also be given for ensuring that the MRI contrast agent detects the desired metal, although metal binding motifs often show excellent specificity for one type of metal.
Chelates that bind metals are often incorporated into contrast agents to change MRI contrast in response to metal concentrations (Table 3 ). For example, calcium can be chelated by four carboxylates to form a complex with an association constant of approximately 960 nM. A calciumresponsive MRI contrast agent has been designed with two Gd-DOTA moieties linked by a bis-anilide bridge that contains four carboxylates (44, 45) .
When calcium is absent, the carboxylates bind to the Gadolinium ions, which inhibit water accessibility and increases T1 relaxation time. 4-structure that has a longer rotational tumbling time (50) . A zinc-responsive MRI contrast agent with pyridine donors shows a faster hydrogen exchange rate and improved PARACEST when the pyridines chelate zinc. The chelation causes a subtle conformational change from a square-antiprism (SAP) geometry to a twistedsquare-antiprism (TSAP) geometry, which facilitates the exchange of bulk water with the water molecule directly bound to the lanthanide of the agent (51). In general, these examples lack information regarding the association constants and of the metal complexation, which is required to understand whether these agents can measure a relevant range of physiological metal concentrations for particular biomedical applications.
Proteins and peptides can reversibly associate with metals to trigger intermolecular associations. This biochemical mechanism has been exploited to generate aggregates of iron-labeled calmodulin and iron-labeled M13 peptide in the presence of calcium, with a subsequent decrease in T2* relaxation time (52; Figure 10 ). This example shows the potential creativity in exploiting mechanisms in biochemistry and molecular biology as additional steps to change MRI contrast in response to molecular biomarkers.
Molecular imaging of pH
Assessments of altered pH can be used to diagnose the progression of many pathologies, including renal failure, ischemia, and chronic obstructive pulmonary disease, and can also be critical for developing therapies that are effective in tissue environments with altered pH (53) . Measuring altered pH is particularly relevant for cancer assessments, because poor perfusion, increased lactic acid secretion, and reduced bicarbonate levels within tumor tissues can create high H + concentrations within the interstitial fluid (54) . MRI of pH-responsive contrast agents (Table 4) is particularly well suited for evaluating pH variations over small tissue volumes due to its high spatial resolution.
The ideal pH-responsive agent should accurately measure the entire physiological pH range from 6.0 to 8.0 through a monotonic change in T1 relaxation time, T2* relaxation time, or PARACEST. The concentration of these pH-responsive agents must be taken into account to assign image contrast to pH values. A pH-unresponsive contrast agent can be used to account for concentration of the pH-responsive agent (55,56). Two T1 or T2* contrast agents must be serially administered, but two PARACEST contrast agents can be selectively detected so that simultaneous administration of two PARACEST contrast agents may be feasible.
MRI contrast agents can include pH-dependent ligands that alter water accessibilities. Gd 3+ -DOTA-tetraamide phosphonate (Gd(DOTA)-4AmP 5- ) shows a two-fold increase in T1 relaxation time from pH 6.0 to 8.5. The hydrogen-bonding network created by the protonated phosphonates is believed to provide a catalytic pathway for exchange of the bound water protons with protons of bulk water (56, 57) . Gd(DOTP) 5- shows no pH dependence, and has been used to account for concentration of the pHresponsive agent to produce high resolution pH maps of a mouse kidney (58; Figure 11 ) and rat glioma (56) . Water can easily access the Gadolinium ion in Gd-DOTA, but the accessibility is hindered in a tetrameric form of Gd-DOTA. This lower accessibility is modulated by the protonation state of the carboxylate ligands, so that the T1 relaxation time of the Gd-DOTA tetramer becomes pH-dependent (59). Water accessibility can also be changed through acidcatalyzed dissociation of a nitrophenol from gadolinium in Gd(NP-DO3A), while the 'control agent' Gd(NP-DO3AM) . An example of a pH-responsive MRI contrast agent. A) A T1-weighted MR image of an acetazolamide-treated mouse was acquired after administering a contrast agent that changes T1 relaxivity in response to pH. B) The parametric map of pH was determined by comparing MR images with pH-responsive and pH-unresponsive MRI contrast agents. The pH-unresponsive agent served as a control to account for in vivo pharmacokinetics, which were assumed to be identical for the agents. Reproduced with permission from (58) . shows no dissociation and only a modest pH-dependent change in T1 relaxation time (60) . A pH-dependent sulfonamide ligation of gadolinium can switch the hydration state of this lanthanide, although the binding of endogenous anions or proteins may also affect the hydration state and suppress the expected pH-dependent change in T1 relaxation time (61, 62) . Triaquahexaazamacrocyclic complexes experience a reduction of water accessibility due to the coordination with hydroxide anions, which can be exploited to measure basic pH ranges (63) . Liposomes consisting of dipalmitoyl phosphatidyl ethanolamine and palmitic acid show pH-dependent stabilities, which can be exploited to cause a change in the water accessibility of T1 contrast agents that are encapsulated in these liposomes (64, 65) . A cationic polyion complex swells at low pH, which changes the accessibility of water for the contrast agents within the complex (66) .
MRI contrast agents can experience a change in rotational tumbling time in response to pH changes. Aggregation of Gd x C60(OH) x or Gd x C60[C(COOH) 2 ] 10 gadofullerene derivates occurs at low pH, which causes a decrease in T1 relaxation time as the pH is changed from 12 to 3 (67) .
High pH causes deprotonation of phospholipid mimetic structures HADO-(Gd-DO3A) and C18 2 -(Gd-DTPA-Glu), which causes higher lipophilicity that drives formation of colloidal aggregates, causing the T1 relaxation time to decrease at higher pH (68, 69) . A PAMAM dendritic contrast agent exhibits an increase in rigidity as pH decreases from 11 to 6, causing T1 relaxation time to decrease by 60% (70) . Self assembled magnetic micelles change hydrodynamic diameter from 200 nm at low pH to 300 nm at high pH, which changes the T2* relaxation time of iron oxide nanoparticles that are encapsulated within the micelle (71) . A polyornithine polymer exhibits a flexible random coil conformation at low pH and forms a rigid helical conformation at high pH, which decreases the T1 relaxation time of gadolinium chelates that are attached to the polymer (72, 73) .
The base-catalyzed exchange of amide hydrogens and water hydrogens is dependent on pH. MRI contrast agents that contain primary or secondary amide groups have shown large increases in PARACEST with increasing pH (74) (75) (76) (77) . This approach has been extended to nonparamagnetic polylysine and PAMAM dendrimers that show a pH-dependent CEST effect (78).
A pHunresponsive PARACEST effect may be generated by a metal-bound water molecule, which provides the opportunity to monitor a pH-responsive and pHunresponsive PARACEST effect from the same contrast agent (77) . The ratio of these two PARACEST effects can provide a concentration-independent measure of pH. A similar ratiometric approach has been applied to the PARACEST effects from the acid-catalyzed hydrogen exchange of an amine group and a base-catalyzed hydrogen exchange of an amide group, which provides a greater dynamic range of PARACEST imaging for measuring pH (Liu, Li and Pagel, unpublished results).
Molecular imaging of temperature
MR thermometry techniques have been developed to address pathologies such as heart arrhythmias (79) , and the increasing needs for assessing thermal-based drug delivery and thermal ablation therapies (80) . The high spatial resolution and temporal resolution of MRI makes this modality particularly useful for thermal mapping. Ideally, MRI contrast agents that are responsive to changes in temperature must be very accurate and must not be adversely affected by other environmental conditions such as pH or molecular compositions. The temperature dependence of MR frequencies can meet these conditions. For example, PARACEST thermometry has been performed by identifying the MR frequency that provides the greatest PARACEST effect, and these results have been translated to generate a temperature map (81; Figure 12 ).
The transmembrane permeability of liposomes can be strongly dependent on temperature. Liposomes that encapsulate Gd(DTPA)-BMA show slow water exchange between the liposome interior and exterior, but this water exchange rate shows a sharp increase as the temperature exceeds the gel-to-liquid crystalline phase-transition temperature of the liposomes (82) . Similarly, the exchange of gadolinium-or manganese-containing MRI contrast agents can more easily escape the interior of the liposomes above the phase-transition temperature (83) . In both cases, the increased water accessibility to the agent leads to a decreased T1 relaxation time.
FUTURE DIRECTIONS
The dawning of the field of responsive MRI contrast agents has necessarily required extensive designs and characterizations of unique MRI contrast agents in order to creatively explore the relationships between molecular responses and changes in MRI contrast agents. This approach has often required the development of specialized synthetic schemes to produce each unique MRI contrast agent. These explorations of specialized contrast agents have been necessarily ponderous, resulting in only 52 examples during the last 10 years. To accelerate the application of responsive MRI contrast agents, a greater focus should be placed on agents that can be rapidly synthesized with high yield and purity, and that can be applied to large sets of molecular biomarkers. For example, T2* agents that are depolymerized by an enzyme can be rapidly synthesized by linking iron oxide nanoparticles with peptide linkers. Similarly, the synthesis of a PARACEST agent with a peptidyl ligand can be accomplished with a commercially available solid phase peptide synthesizer (84) . In both cases, the sequence of the peptide ligand can be chosen to be sensitive to one of many protease enzymes, so that each of these types of responsive MRI contrast agents can be easily applied to detect specific members of the human proteome (85) .
Because pathologies often exhibit modest changes in the expression, production, delivery, or activity of various biomarkers, an emphasis should be placed on the ability to quantitatively translate the response in MR image contrast to the concentration of the biomarker. Absolute quantifications of MR image contrast is a daunting challenge, because many characteristics of the sample or patient, the instrumentation, and the choice of acquisition parameters and image processing methods can alter image contrast. Ratiometric quantifications are more feasible, in which the response caused by a molecular biomarker is the only effect that is allowed to vary between two MR images, or between two or more regions of the same image. PARACEST may greatly facilitate ratiometric quantifications, because two or more PARACEST agents can be selectively detected within the same sample volume by saturating their respective CEST MR frequencies. The selective detection of each PARACEST agent also provides opportunities to detect more than one molecular target during a single MRI scan session, which may lead to the diagnoses of "molecular signatures", or multiple molecular biomarkers of pathological tissues.
In most examples, the direct interaction of a responsive MRI contrast agent and a molecular biomarker has directly led to a change in MRI contrast. Some recent examples demonstrate that more complex mechanisms in molecular biology can be cleverly incorporated to form multi-step processes that indirectly link the interaction of responsive MRI contrast agents and biomarkers with an eventual change in MRI contrast. Reporter gene imaging is an obvious example, in which the steps of gene transcription and translation to form a reporter protein, the delivery of an agent to the target tissue (and possibly to the target cell, target intracellular environment and intracellular organelle), and the interaction of the agent and reporter protein must each occur before MRI contrast is altered. Additional multistep mechanisms such as post-translational protein processing, protein-protein interactions, and cell-cell signaling are likely to be employed with future responsive MRI contrast agents.
Therefore, interdisciplinary research that combines molecular biology with radiology and chemistry will be critical for further developing responsive MRI contrast agents. This review provides a single-step foundation for developing these multi-step mechanisms that can expand the armamentarium of molecular imaging for detecting molecular biomarkers of many pathologies.
